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Abstract With the one-boson-exchange model we have studied the possible existence of the very loosely 
bound hidden-charm molecular baryons composed of anti-charmed meson and charmed baryon. Our numerical 
results indicate that there exist T,cD* states with I{J^) = )j^(§ )i§(^ ) ^^'^ ^cD state with 

). But the AcD and AcD* molecular states do not exist. 
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1 Introduction 

In the past eight years, more and more experi- 
mental observations of new hadron states were an- 
nounced, which has inspired extensive interest in re- 
vealing the underlying structure of these newly ob- 
served states. Besides making the effort to categorize 
them under the framework of the conventional qq or 
qqq states, theorists have also tried to explain some 
of these newly observed hadrons as exotic states due 
to their peculiarities different from the conventional 
qq or qqq state. 

Table 1. The thresholds near the corresponding 
newly observed hadron states. 
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Among different schemes to explain the structures 
of these newly observed hadrons, molecular states 
composed of a hadron pair become a very popular 
one due to the fact that the corresponding observa- 
tions are often near the threshold of a pair of hadrons 
as in Table [1] In order to explore whether these newly 
observed hadrons can be accommodated in the molec- 
ular framework, there are many theoretical calcula- 
tions of various molecular states 12 - 4o| . 

Generally speaking, conventional hadrons with a 
charm quark can be grouped into three families, i.e., 
charmonium, charmed meson, charmed baryon with 
the configurations [cc], [cq], [cqq] respectively, where 
q or q denotes the light quark or anti-quark with 
different flavors. In principle, we may extend these 
configurations by adding qq pair, which is allowed 
by Quantum Chromodynamics (QCD). Such exten- 
sion results in three new exotic configurations [ccqq], 
[cqqq], [cqqqq], which can be named as molecular 
charmonium, moleular charmed meson and molecu- 
lar charmed baryon respectively if the correspond- 
ing constituents in these configurations are color sin- 
glet. Inspired by the recent experimental obser- 
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vations, many theoretical investigations focusing on 
molecular charmonium, moleular charmed meson and 
molecular charmed baryon have been performed 
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Apart from the above exotic molecular systems 
discussed extensively in literatures, there may also ex- 
ist new configurations of the exotic molecular state if 
adding qqq into [cc] and [egg] , which correspond to the 
exotic molecular states with components [ccggg] and 
[cqqqqq]. These states may be accessible by future 
experiments such as PANDA, Belle II and SuperB, 
etc, since the masses of the lightest exotic molecular 
states with components [cggggg] and [ccggg] are just 
about 3.3 GeV and 4.1 GeV respectively. 

At present, carrying out the dynamical study of 
these exotic molecular systems becomes especially 
important, which will provide experimentalists with 
valuable information such as their mass spectrums 
and decay behaviors. There have been lots of theoret- 
ical work recently. In Ref. [4l| , Liu and Oka discussed 
whether there exist the A^A^ molecular states. Nar- 
row N* and A* resonances with hidden charm were 
proposed as the meson-baryon dynami cally generated 



states 



42| 



Later, the authors in Ref. [43| calculated 
the S-wave 11^5 and A^D states with isospin 1=1/2 
and spin S = 1/2 using the chiral constituent quark 
model and the resonating group method. 

In this work, we will investigate the hidden-charm 
molecular baryons which are composed of a S-wave 
anti-charmed meson and an S-wave charmed baryon. 
The S-wave charmed baryons can be assigned as ei- 
ther the symmetric 6p or antisymmetric 3i? flavor rep- 
resentation as illustrated in Fig. [TJ Thus, the spin- 
parity of the S-wave charmed baryons is = 1 /2+ or 
3/2+ for 6p and = 1/2+ for 3^. The pseudoscalar 
and vector anti-charmed mesons constitute an S-wave 
anti-charmed mesons. In the following, we mainly fo- 
cus on the hidden-charm molecular states composed 
of these charmed baryons and anti-charmed mesons 
existing in the green range. 
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udc] £i<*l"[uc] Li'*l-[dc] 
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# # 



Ej[(isc| HJ[ti,s 



Charmed baryon 



Fig. 1. (Color online). The S-wave charmed 
baryons with = 1/2+ and the S-wave anti- 
charmed pseudoscalar /vector mesons con- 
tributing to the double-charm molecular 




baryons. 

We apply the one boson exchange (OBE) model to 
study the hidden-charm molecular states, which is an 
effective approach for calculating the hadron-hadron 
interaction 
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The interactions between 
S-wave anti-charmed meson and S-wave charmed 
baryon with = 1/2+ are described in terms of 
the meson exchange with phenomenologically deter- 
mined parameters. In our former work[30j, we once 
studied the interaction between the vector charmed 
meson D* and nucleon N , which could be related to 
A,(2940)[l3l. To some extent, the framework in this 



30|. 



work is similar to that in Ref. 

This paper is organized as follows. After the 
introduction, we present the calculation of interac- 
tions between S-wave anti-charmed meson and S-wave 
charmed baryon with = 1/2+. In Sec. 3, the nu- 
merical results are presented. The last section is the 
discussion and conclusion. 

2 The interaction of hidden-charm 
molecular baryons 

2.1 Flavor wave functions 

In this work, we mainly focus on the systems 
composed of an S-wave anti-charmed meson and an 
S-wave charmed baryon with = 1/2+ . These 
systems are of negative parity. Furthermore, the 
states composed of an S-wave charmed baryon with 

= 1/2+ and an anti-charmed meson with spin 
zero include DKc and DYj^ systems, which are of 
I{JP) = Q{Y)^ Id )' f(i~)- Such a system contains 
one state only 



(1) 



For comparison, D*A^ and D*Y,^ are the systems 
with an S-wave charmed baryon with = 1/2+ and 
an anti-charmed meson with spin one, which are of 

I{Jn = KD: f(fl> KD- Thus, several 

states may contribute to such systems 



(2) 
(3) 



In Eqs. (HJ-©, we use notation ^^+^Lj to distin- 
guish different states, where L and J denote the 
total spin, angular momentum and total angular mo- 
mentum respectively. Indices § and D show that the 
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couplings between anti-charmed meson and charmed 
baryon occur via the 5'-wave, D-wave interactions re- 
spectively. 

The general expressions of states in Eq. ([T]) and 
Eqs. ©-([3]) can be explicitly written as 



vector matrices 



2S+1 



L.. 



2S-I-1 



XImYoo, (4) 



(5) 



where C/*f , 



StTLQ ,Lmi 



andCf'"^, , 

TT m, Im' 



are Clebsch- 

Gordan coefficients. VLmi, is the spherical harmon- 
ics function. Xi„ denotes the spin wave function. 
The polarization vector for D* is defined as — 
and C = 

2.2 Effective Lagrangian 

When adopting the OBE model to calculate 
the effective potential of the hidden-charm molecu- 
lar baryons, we need to construct the effective La- 
grangian describing the interactions of the charmed or 
anti-charmed baryons/mesons with the light mesons 
(7r,77,p,a;,(T, • • • ). According to the chiral symmetry 
and heavy quark limit, the Lagrangian for the S-wave 
heavy mesosns interacting with light pseudoscalar, 
vector and vector mesons reads 44 - 481 













K+ \ 


p = 
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K- 
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K*+ 
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<P 


) 





.(9) 



(10) 



Thus, Eqs. ([H])-® can be further expanded as 
follows: 



(11) 
(12) 
(13) 

(14) 

(15) 

-2g,P,Vla, (16) 
2gsV;-VVa. (17) 



The effective Lagrangians depicting the S-wave 
heavy flavor baryons with the light mesons with chiral 
symmetry, heavy quark limit and hidden local sym- 
metry are 41 



Chhw = ig^Hh^Al^sH^), (6) 

+iX{Hfa,^F'^-'{p)H^), (7) 
C„„. = gs{H^oH^), (8) 



which satisfies Lorentz and C, P, T invariance, where 
(• • • ) denotes the trace over the the 3x3 matrices. 
The multiplet field H composed of the pseudoscalar 
V and vector V* with = (D(*)o, £>(*'+, £)<*)+) 

or (B(*)-,i?(*)o,5(*)°) is defined as i/f = [^^7,, - 

ValT^^-T- aridH = -foH''"fo with i; = (1,0). The V and 
■p* satisfy the normalization relations {0\V\Qq{Q^)) — 
/Mpand (0|P;|Qg(l-)) = e^/Mp7. In the above ex- 
pressions, the axial current is = ^(C^f^n^"^'^^^^) = 
■^9^P+ • • • with f = exp(iP//,) and = 132 MeV. 
Pba = i.9vKa/V2, F„„(p) = d^,p^~d^p^ + [p^, p^], and 
gv — nip/ f^. Here, P and V are the pseudoscalar and 



+il3B{B^,v^{V,^p,)B., 
+£s(^3aS3), 



--g^e^^^'^v^iS.A^S,) 



(18) 



+Xs{S^F^''{p)S,) 

+es{S^'TS^). (19) 

Here, S°f' is composed of Dirac spinor operators 



c*ah 



-[^^ + v,HBf + BZ\ (20) 



l.Bt^\^, + v,) + Bi;\ 



(21) 



' s-Ms ; 2/2 P'^M + In the above 
expressions, B^ and Ba denote the multiplets with 
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= 1/2+ in 3f and 6^ flavor representations re- 
spectively, while Bq* is the multiplet with = 3/2+ 
in Qp flavor representation. Here, the and ma- 
trices are 



B^ = 



( 
J_v+ 

\ J_'="+ 



Aj 



S' 







_Ly^ 



_L77'0 



(22) 



(23) 



tive Lagrangians 

^Bgv 



V2 

Ib (S3 a 63), 



(24) 
(25) 
(26) 



' 3^2 



(66 i^-VSe) 

(e67M7.(5''V''-5''V")S6), 



= -ls(B^aB^ 



(27) 
(28) 



Additionally, ZJ^Ss = c^^Sg+V^Ss+SaVj and D^^S^ = Wc list the values of the coupling constants in Eqs. 



9^5, + V^5.+5.Vj. (HHl-dni) and 

With Eqs. (fTS jl - lfTOl) . we obtain the exphcit effec- in literature 141. 



in Table. [U which are given 



Table 2. The parameters and coupling constants adopted in our calculation [15|, |41|, |49|, |50|. 



/3 


9 


9v 


A 


9s 


/3s 


I3s 




ds 


91 


As 








(GeV-i) 














(GcV-i) 


0.9 


0.59 


5.8 


0.56 


0.76 


-0.87 


1.74 


-3.1 


6.2 


0.94 


3.31 



2.3 The OBE potential 

We apply the constructed effective Lagrangians to 
deduce the OBE potential of the hidden-charm molec- 
ular baryons. When calculating the OBE potential, 
we first need to relate the scattering amplitude with 
the OBE potential in the momentum space, which is 
from the Breit approximation 

y(q) = ^ --M{J,Jz), (29) 



where Mi and Mf are the masses of the initial and 
final states, respectively. Here, when deducing scat- 



tering amplitude, the monopole form factor F(q^) = 
(A^— TO^) / (A^—q^) is introduced for compensating the 
off shell effect of the exchanged meson and describing 
the structure effect of every interaction vertex. Af- 
ter performing the Fourier transformation, we finally 
obtain the effective potential in the coordinate space. 

In terms of the method presented in Eq. ((29)) . 
we obtain the effective potentials for A^D — > A^D, 
A,D* A,D*, T.,D ^- E,i5, T.,D* E.Z)* scatter- 
ing processes by exchanging {w,cr}, {a;,cr}, {p,uj,a} 
and {7r,?7,/9,cj,(T}, respectively. The corresponding 
expressions of the effective potential are 





-2gjBY{A,m^,r)- 


-^l3l3B9lY{A,m^,r), 


(30) 


vd*(o = 


-2gjBe2-elY{A,m 


<r,r)~ i^/3s5^e2 • elF(A, m„ , r). 


(31) 


d(o = 


-lsgsY{A,m^,r) + 


- i/3A.gv>^(A, mp , r) - (A, to„ , r) 


(32) 




-L9sY{A,m„,r) + 


i^/3,5^r (A, m^, r) - i/3/3,g^y (A, , r) , 


(33) 
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+ ^S{v,(r,T)TiA,m^,r)) 



yPsgle, ■ elr (A, , r) - { -^-a- TZ{A, , r) 



3 

2 2 
3 



cr-TZ(A,TOp,r) 



99i 
P 



icr.TZ(A,m,,r) + i5(r,cr,T)r(A,m,,r) 



icr • TZ(A, m„ r) + ^^(f , ^T, T)T(A, m„ r) 



(34) 



5(f,*T,T)T(A,mp,r) 
5(f,*T,T)T(A,TO„,r)) 



3 V 3 

^2 



cr-TZ(A,mp,r) 



i/3/3,5^-e2 • elr (A, , r) - ( - • TZ(A, , r) 



99i 



^(T-TZ{A,m,,r) + l^S{v,a, T)r(A, m,, r) 



icr • TZ(A, m„ r) + ^^(f, *T, T)T(A, m„ r) 



(35) 



with 



Y{A,mE,r) = — (e" 
47rr 

A2-1 



SttA 



Z(A,mB,r) = v^^(A,TOe,0, 
T{A,mE,r) 



ar r or 



(36) 
(37) 
(38) 



tween the states in Eqs. (HI)-®. We take the S^-D* 
system with as an example. Its total effective 

potential can be expressed as 

'3- 



which is a three by three matrix. Using the same ap- 
proach, we can obtain the total effective potential of 
the other systems with definite I{J^) quantum num- 
ber. In Table. |31 we list the matrixes corresponding 
to operators £2-64, <t-T and S'(f,cr,T) in Eqs. (1501) - 
(1551) when transferring the potentials in Eq. (|5(I| - 
([35]) into the total effective potentials of the hidden- 
charm systems composed of the anti-charmed meson 
and charmed baryon. 

Table 4. The matrixes corresponding to i(/(i~)|C'i|/(|~))i and 1 (/(|~)|C'i|/(|~))i, where Oi denotes op- 
erators e2-el, cr T and g(f,q-,T) in Eqs. ((3U))-(|35)). Here, iJ(^~))i and |J(|~))i are defined in Eqs. dSjl-Q. 



Here, in the above expressions we define S'(f,cr,T) = 
3f-<T f-T - a T and T = ieixe2. 

With effective potentials shown in Eqs. ([5n|) -([55 |) . 
we finally obtain the total effective potentials of the 
hidden-charm systems composed of anti-charmed me- 
son and charmed baryon. The effective potentials 
shown in Eqs. (|30l) -(|35 l) should be sandwiched be- 



£2 - el 



<T T 



S{r,a-,T) 



l(/(i-)|OdJ(r))l 



1 
1 



2 

-1 





-V2 



-V2 
2 



(/(§ )mia )> 



[ 1 \ 
010 
001 



/ -1 \ 
020 

00-1 



/ 1 -2 \ 
1 -1 
-2 -1 



The kinetic terms are 
A 



A 


A2 


2^' 


2m 


A 


A2 


2m ' 


2m 



A2 



(40) 
(41) 

1(42) 



corresponding to the systems in Eqs. ([TJ-iH]) re- 
spectively, where A = ^^Ir?-^ ^, A2 = A-^. 
m — m^mpc*) /(mg 4- mp(,) ) is the reduced mass 
of the system, where m^ and mp[,) are the masses 
of charmed baryon and pseudoscalar (vector) anti- 
charmed meson, respectively. 
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3 Numerical results 

In this work, we mainly investigate the hidden- 
charm systems K^D with i(i ), A^.^* with 
i(l-),i(f-), S.D with with 

\i\~)M~)^li\~)Air)- If we replace 5W and 
charmed baryon by the corresponding i?'*' and 
bottom baryon, we can extend the same formal- 
ism listed to discuss the hidden-bottom molecular 
baryons composed of a bottom meson and a bottom 
baryon, which include A(,i? with \{\~), ^bB* with 
|(l-),i(f^), S.i? with with 

ifi") 3(3-) l(l-) 3(3-\ 
2V2 /'2V2 /'2\2 ''2^2 /' 

Using the potential obtained above, the bind- 
ing energy can be obtained by solving the coupled- 
channel Schrodinger equation. We use the FESSDE 
program 5l| to produce the numerical results for 



the binding energy and the corresponding root-mean- 
square radius r with the variation of the cutoff A 
in the region of 0.8 < A < 2.2 GeV as shown in 
Fig. [5] Here, we only show the bound state solution 
with binding energy less than 50 MeV since the OBE 
model is only valid to deal with the loosely bound 
hadronic molecular system. 

One notices that A^, does not combine with Z)**' 
to form a hidden-charm molecular state. There does 
exist a hidden-bottom molecular state composed of 
Af, and B'^'K As shown in Fig. [2l we find bound 
state solutions only for five hidden-charm states, i.e., 

s,^* states with = uk~)^-2ir)^icf),iir) 

and state with |(i ). We also find the 

bound state solutions for the hidden-bottom molec- 
ular baryons, which are Sb-B* states with /(J^) = 

i(r)'5(f)4(r)4(r)and with §(!-). 
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Fig. 2. (Color online). The A dependence of the binding energy and the obtained root-mean-square radius r 
of the hidden-charm or hidden-bottom system. 
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A (GeV) 

Fig. 3. (Color online). The binding energy of the hidden-charm state (top) or hidden-bottom state (bottom). 
Here, +/— in "±1±1±1" denotes that we need to multiply the corresponding, sigma, vector and pion 
exchange potentials by an extra factor +1/ — 1, which come from the changes of the signs of the coupling 
constants. The other conventions are the same as in Fig. [21 



For the heavy baryon sector, we adopt the values 
of couphng constants including the signs as given in 
Ref. [4l|. However, for the heavy meson sector, the 
signs of the coupling constants g, /3/A, g^, can not be 
well constrained by the available experimental data 
or theoretical considerations, which results in uncer- 
tainty of the signs of the corresponding sigma, vector 
and pion exchange potentials. For the sake of com- 
pleteness, we present the dependence of the binding 
energy on A under eight combinations of the signs of 
g, /3/A, gs as shown in Fig. [3] The notation +/— de- 
notes an extra factor +1/ — 1 which changes the signs 
of g, /3/A, gs in the corresponding pion, vector and 
sigma exchange potentials. Generally speaking, the 
sigma exchange contribution is negligible while the tt 
and p/uj meson exchanges play a very important role. 

4 Discussion and conclusion 

In this work, we have employed the OBE model to 
study whether there exist the loosely bound hidden- 
charm molecular states composed of an S-wave anti- 
charmed meson and an S-wave charmed baryon. Our 
numerical results indicate that there do not exist A^D 
and AcD* molecular states due to the absence of 



bound state solution, which is an interesting observa- 
tion in this work. Additionally, we notice the bound 
state solutions only for five hidden-charm states, i.e., 
S,D* states with J( = i(i-), i(|-), |(i-), |(f-) 
and state with |(i ). We also extend the same 
formulism to study hidden-bottom system with an S- 
wave bottom meson and an S-wave bottom baryon. 
The mass of the component in the hidden-bottom 
system is heavier than that in the hidden-charm 
system, which leads to the reduced kinetic energy 
and is helpful to the formation of the loosely bound 
states. Our numerical results have confirmed this 
point. There exist the Sj-B* molecular states with 

lin = i(r).5(r)4(r)4(fl ^nd E.B state 
with |(iy). 

The hidden-charm systems composed of an S-wave 
anti-charmed meson and an S-wave charmed baryon 
are very interesting. Since the masses of such exotic 
systems are around 4 GeV, they may be accessible to 
the forthcoming PANDA, Belle-II and SuperB experi- 
ments. These exotic hidden-bottom baryons might be 
searched for at J-PARC or LHCb. The exploration of 
these states may shed light on the mechanism of form- 
ing molecular states and help reveal underlying struc- 
tures of some of those newly observed near-threshold 
hadrons. 
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